ABSTRACT In view of the demand for the different output power of generators in the relevant test projects during the flight test, this paper proposes a real-time aircraft electric simulative load system based on CompactRIO (cRIO)-embedded controller, which can adjust the aircraft power generation by controlling the access and the output status of the resistive load. The system is used to realize the test of the load capacity of the generator and the working state under different load conditions. At the same time, the heat dissipation of the resistive load is performed by using two cooling modes of water cooling and air cooling. In this paper, the overall architecture of the electrical simulative load system is described first, and the subsystems and software modules are introduced in detail according to the function. Finally, the function and technical indicators of the system are verified by experiments, which proves the feasibility of the design.
I. INTRODUCTION
Before the aircraft is officially put into use, a large number of flight test tests are required to verify its reliability and safety. Among them, the verification of the power supply system is particularly important.
The power supply system of the aircraft mainly includes three parts: the generator, the APU (Auxiliary Power Equipment) and the battery. Under normal circumstances, the generator supplies power to the entire aircraft system [1] . Usually, each aircraft is equipped with multiple generators. In normal flight, multiple generators will work at the same time, but each of them is not fully loaded and reserves a certain margin. When one of the generators fails, the remaining generators immediately enter high-load or even full-load state, ensuring that the aircraft system is supplied with enough power to keep the aircraft running [2] .
When all the generators of the aircraft fail, the aircraft system is immediately powered by the APU, which provides short-term power to the aircraft system, ensures that the aircraft can perform emergency operations and land quickly.
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Therefore, the normal operation of the generator and APU under high load and full load is critical to the safety and reliability assessment of the aircraft system, and is also an important part of the flight test [3] .
Since the aircraft consumes less electric power during the actual flight test, it is difficult to meet the high load and full load requirements of a single generator. Therefore, additional power equipment is needed to consume the remaining power of the generator to ensure the generator can work at specified power point or full load state [4] .
In summary, an aircraft electrical simulative load system is of great significance for the testing, maintenance and reliability analysis of airborne generators.
According to the investigation and analysis of the current research situation, most of the main control units of the mature electric simulative load systems used at home and abroad use industrial controllers such as PLC or PAC, and the heat dissipation methods are also single way, which has low heat dissipation efficiency [5] , [6] . And those main controllers are bulky and lack real-time performance [7] . The electric simulative load system proposed by this design adopts cRIO embedded controller, which is equipped with FPGA and uses both air-cooled and water-cooled to improve heat dissipation [8] . Compared with the existing schemes, the electrical simulative load system designed in this paper has improved on several indicators, which is more conducive to the verification of the aircraft generator test.
II. SYSTEM ARCHITECTURE
As shown in Figure 1 , it is the overall architecture diagram of the electrical simulative load system designed in this paper. The system mainly includes six parts: the resistive load unit, the access control unit, the measurement unit, the control and display unit, the power supply and distribution unit and the cooling unit.
Among them, the resistive load unit is composed of four load boxes, in which the resistive load with customizable resistance value is installed to consume the residual power value of the generator, so as to test the specified power point of the generator.
The access control unit is mainly composed of circuit breakers and contactors, which are used to realize the transition of the resistive load cutting into or out of the aircraft power grid, and the circuit breaker is used for system protection in the state of current overload.
The measurement unit mainly includes hall voltage sensors and hall current sensors as well as peripheral circuit, which is used to convert the voltage and current signals at the generator under test and the power-outlets into signals that can be collected by the data acquisition modules. And the generator output voltage frequency in the system is 360∼800Hz.
The control and display unit mainly includes the main controller, external FPGA PCB and display, which is used to realize the control, acquisition, data processing and interface display of the whole electrical load system, this unit is the core unit of the system.
The power supply and distribution unit is used to provide the power required by the electric simulative load system to meet the normal power supply needs of the system.
The cooling unit mainly consists of water cooling system and air cooling system. The water cooling system is composed of 16 water tanks, pipelines, power pumps and other components, which are used to realize the water circulation in the circulation pipeline and provide sufficient flow to absorb the heat generated by the resistive load. The air-cooling system is mainly composed of high-power extraction fans and ventilation pipes, which is used to accelerate the air circulation in the load box and reduce the surface temperature of the resistive load.
III. HARDWARE DESIGN OF SYSTEM
According to the above, the electric simulative load system mainly includes six functional units, and the hardware design of each unit will be described in detail below.
A. THE RESISTIVE LOAD UNIT
The resistive load of this design uses water-cooled winding resistance. The physical diagram of the resistance is shown in Figure 2 . The resistors are installed inside the load box, and multiple pipelines are arranged in the load box to realize the interaction between circulating water and resistive load, to absorb the heat generated by the resistive load.
The model of resistive load box is shown in Figure 3 . In order to improve the heat absorption efficiency, the resistive load is vertically installed and fixed, and the circulation of cooling water from the bottom to the top is adopted. When selecting and distributing the resistive load power value, the specific capacity and the specific position of each power outlet are considered comprehensively, so that the internal load power of each load box is as equal as possible.
At the same time, three temperature sensors are installed inside each load box to monitor the ambient temperature of the water inlet, the water outlet and the load box in real time to improve the reliability of the system.
B. THE ACCESS CONTROL UNIT
The access control unit is used to implement the switching of the resistive load access and the cut-out state. The schematic diagram is shown in Figure 4 . The three-phase AC 115V drawn from the aircraft passes through the three-phase circuit breakers and the three-phase or single-phase contactors in turn, and the back end of the contactors is connected with the resistive loads. When the current exceeds the protection threshold of the circuit breakers, the circuit breakers automatically open to disconnect the system from the aircraft body. The control signal of the three-phase or single-phase contactor is generated by the control unit, and the control of the opening and closing state of the contactor is realized by switching the power supply of the coil of the contactors.
C. THE MEASUREMENT UNIT
The measurement unit is used to realize the conversion of three-phase AC voltage and current signals. In this design, the voltage and current sensors based on the Hall effect are selected. The schematic diagram of the measurement unit circuit is shown in Figure 5 . The Hall current sensor adopts a through-the-heart measurement method, the three-phase AC line passes through the sensor, and the output can be directly collected by the data acquisition module. The Hall current sensor we choose has an operating frequency of 0∼30 kHz. The acquisition of voltage signal is essentially the processing of current values, so it is necessary to connect the resistor of the appropriate resistance value at the input and output ends of the Hall voltage sensor to realize the conversion from voltage to current, and the final output can also be measured by the data acquisition module. And the Hall voltage sensor we choose has an operating frequency of 0∼20 kHz.
D. THE CONTROL AND DISPLAY UNIT
The control and display unit is the core control unit of the entire electrical simulative load system. In this design, the cRIO embedded controller is used to control the whole system [9] . The cRIO embedded controller adopts the architecture of Intel dual-core processor and Xilinx FPGA. The processor can run the NI Linux Real-Time operating system stably, which is used to implement functions such as human-computer interaction UI and parameter display. At the same time, the controller can flexibly match a variety of functional modules [10] . In this design, analog voltage acquisition module, analog current acquisition module, digital I/O module, 3-wire RTD temperature acquisition module and 429 module are selected, and the built-in FPGA can be used for contactors control, voltage and current parameter acquisition and processing, sensor parameter acquisition, 429 communication and other functions [11] .
An external FPGA unit is additionally added to the design for emergency shutdown of the resistive load under emergency conditions, such as software crash or system failure. The schematic diagram of the external FPGA and cRIO is shown in Figure 6 . The external FPGA monitors the emergency unloading switch in real time. When the emergency unloading switch is not pressed, the FPGA outputs the loading logic generated by cRIO. When the emergency unloading switch is pressed, the FPGA performs the internal automatic unloading logic to achieve the resistance, then the resistive load will be uninstalled in sequence.
E. THE POWER SUPPLY AND DISTRIBUTION UNIT
The power supply and distribution unit is composed of the aircraft DC 28V and 24V battery to ensure the power supply of the system under normal conditions and emergency conditions during the flight test. In practice, the aircraft DC 28V and 24V battery are respectively connected to the two power supply terminals of the cRIO, the cRIO will select the power supply terminal with higher voltage, when the aircraft DC 28V power disappear, it can be switched to the battery for power supply, ensure cRIO is keep working.
F. THE COOLING UNIT
In order to better realize the heat dissipation of the electric simulative load system, the design uses both water cooling and air cooling to cool the resistive load unit to ensure that it will not have a large impact on the aircraft cabin ambient temperature.
The water-cooling unit is composed of 16 water tanks and pumps, valves, pipes and other components [12] . The 16 water tanks are arranged according to the positions of the first eight and the last eight, as shown in Figure 7 . The water tanks are filled with cooling water. When the electric load system is working, the cooling water circulates through the inside of the winding resistor to take away the heat generated by the resistive load.
The air-cooling is mainly composed of the fans and the exhaust pipes. In order to avoid the air temperature inside the load box is too high, the system installs large air volume exhaust fans on the back of the load box, and drives the air circulation through the exhaust fan to discharge the heat inside the box.
IV. SOFTWARE DESIGN OF SYSTEM
By dividing the system software functions, the software part of the design mainly includes emergency uninstallation program, data acquisition and calculation program, load automatic addition and subtraction program and human-computer interaction program. The emergency uninstallation program is developed by an external FPGA, and the remaining programs are jointly developed by the embedded controller cRIO in conjunction with the underlying FPGA. The following will first introduce the parameter calculation method and then elaborate on the above parts of the software design.
A. PARAMETER CALCULATION METHED
The electric simulative load system is mainly used to compensate the load of the generator to be tested, so that it reaches the preset target value. In order to improve the loading accuracy, it is especially important to accurately read the inherent power consumption and real-time power of the generator. It is necessary to calculate parameters such as active power, reactive power, apparent power and power factor to ensure that the automatic addition and subtraction procedures can run the algorithm logic normally. In summary, the electrical load system needs to accurately calculate the instantaneous value of the voltage and current as well as the effective value.
In this design, the relevant parameter calculation requirements in the ISO-12384-2010 standard are referred to, and the sampling of the constant frequency voltage and current is as follows [13] : 1) sampling frequency on each phase voltage not less than 72 kHz; 2) the three phase voltages sampled at the same time; 3) sampling time over a period not to exceed one second. And the characteristics of the variable frequency system should be measured according to the constant frequency system, but the sampling frequency should be increased according to the ratio of the variable frequency system's high frequency to constant frequency system's rating frequency.
The calculation method of each parameter is as follows. Calculate the steady state phase voltage of phase A according to Equation (1):
where U A is steady state phase voltage of A, V; T w is the time of a period not to exceed one second, s; n is the number of samples; i is sample serial, i = 1, 2, 3 . . . n; U ai is the instantaneous value of AC. voltage, V; t is the sampling interval time, s. The steady-state current of phase A and the steady-state voltage and current of phase B and phase C are calculated as above.
The steady state phase current of phase A according to Equation (2):
The steady state phase voltage and current of phase B according to Equation (3) and (4):
The steady state phase voltage and current of phase C according to Equation (5) and (6):
And the total apparent power of the generator according to Equation (7):
The active power can be calculated by using the instantaneous value of AC voltage and the instantaneous value of AC current at the sampling point instantaneous value within one cycle. And the calculation process is as shown in equation (8):
where U i is the instantaneous value of AC. voltage, V; I i is the instantaneous value of AC. current, A; N is the number of samples; And the total active power of the generator is shown in the Equation (9):
Further, the power factor calculation is as shown in Equation (10):
B. THE EMERGENCY UNINSTALLATION PROGRAM
The emergency uninstallation program is used to urgently cut off all resistive loads in an emergency situation, which improves the safety and reliability of the electrical simulative load system. There are three emergency unloading switches in the system. When any one of the switches is pressed, the unloading of the resistive load can be realized.
In the normal operation of the system, the contactor access state is given by the logic of the main controller through the external FPGA, and when the external FPGA detects that the emergency switch is pressed, the external FPGA performs the internal unloading logic and takes over the control of the main controller, unloads the contactors in sequence, and ensures that the unloading gradient of 70kVA/s is not exceeded. The external FPGA logic block diagram is shown in Figure 8 . In order to ensure that the unloading gradient is not more than 70 kVA/s, the FPGA internal counter is used for the delay unloading strategy. The delay time is calculated according to the resistive load value, and the unloading time of each resistive load is calculated according to the gradient of 70 kVA/s, all loads are sequentially unloaded in descending order.
C. THE DATA ACQUISITION AND CALCULATION PROGRAM
The data acquisition and calculation program is mainly used to obtain the physical signals and working states of each sensor of the system, and calculates the parameters of the generator according to the parameter collection method. This part of the program is developed by LabVIEW software and runs in the cRIO main controller. The flow chart of this program is shown in Figure 9 .
When the program runs, it firstly processes the analog data collected by the function module, converts data to the actual voltage and current value and store them in the memory space. The program sets the sampling time to 250 ms, that is, uses the 250 ms instantaneous data to calculate the voltage effective value and current effective value. After the data is synchronized by the register, the parameters such as active power, reactive power, apparent power and power factor are cyclically calculated in a cycle of 10ms for normal execution of subsequent programs.
D. THE AUTOMATIC ADDITION AND SUBTRACTION PROGRAM
The automatic addition and subtraction program utilizes the idea of negative feedback to control the state of the single-phase contactors and the three-phase contactors according to the difference between the current load value and the target value, so as to realize the real-time followup of the target load value, thereby completing the test at specific power point of the generator. The automatic loading and subtracting program flow chart is shown in Figure 10 .
The automatic addition and subtraction logic execution process mainly includes the following steps:
1) The target apparent power value of each phase is calculated according to the input load power target value. 2) Read the actual apparent power value, active power value, reactive power value and power factor of the generator output by the data acquisition and calculation program. 3) Reads the current state of all contactors and calculates the resistance power value of each phase loaded by the electrical load system. 4) According to the difference between the current active power of each phase of the generator and the resistive load power of the system, the active power value generated by the aircraft body can be obtained. 5) By subtracting the square of the reactive power of each phase from the square of the power target value of each phase and performing the square root operation, the actual active power of each phase can be obtained. The required active power value of each phase minus the active power of each phase of the aircraft body can obtain the resistive load value that needs to be compensated by the electrical simulative load system. 6) The resistive loads are sequentially arranged in descending order of single-phase values and stored in the memory space. The calculated value to be compensated is compared with the actual load sequence. If the required value is greater than the resistive load value in the current comparison, the corresponding three-phase or single-phase contactor state is set to 1 and stored, until all loads are compared, then we can get a sequence of contactor states consisting of 0 and 1. 7) Taking into account the switching life of the contactor, the program judges the contactor's operating frequency to ensure that the contactor follows at a slightly lower frequency under normal conditions, and quickly follows in the case of overload to pull the generator power value to the normal level. 8) Calculate the active power of each phase and the total active power value according to the generated sequence of contactors to be loaded, and store them in the memory space. 9) The contactors are sequentially switched according to the sequence above. In order to ensure the response speed of the power value, the system sequentially unloads the three-phase resistive load and the single-phase resistive load according to the resistance value from large to small, then the three-phase resistive load and the single-phase resistive load are sequentially loaded in the same order.
10) Re-run the entire process from step 1 until the end of this flight.
E. THE HUMAN-COMPUTER INTERACTION PROGRAM
The human-computer interaction interface is mainly used for real-time display of key parameters and working status of the system, as well as input commands and parameters to the system [14] . The designed interface is shown in Figure 11 . The input parameter is the target power of the generator. The system parameters to be monitored include the output power of generator, the output voltage value and current value of generator, the power factor of generator, the voltage value and current value of the power outlets, the temperature of load box, the temperature of water inlets and water outlets, current flight altitude of the aircraft, system operating time, etc.
In addition to the above functions, the human-computer interaction interface also has a fault alarm function. When the fault of the electric simulative load system is detected, the corresponding alarm signal will be given on the interface. The fault conditions mainly include the overload of the power outlets, the high water temperature, the high temperature of the load box, the leakage of the load box, and the abnormal loading condition.
V. SYSTEM VERIFICATION AND ANALYSIS
After completing the construction of the entire electric simulative load system, the main functions of the system were tested and verified. The test items included the heat dissipation function test, the load continuous change follow-up test and the actual flight load spectrum follow-up test. Each experiment will be described in detail below.
A. THE HEAT DISSIPATION FUNCTION TEST
The heat dissipation function test is to observe the change of the average water temperature of the inlet and outlet of the load box under the condition that the electric load system is loaded with resistive loads of 70 kVA and continuously operated for 4.5 hours. This test is used to evaluate the heat dissipation capability of the heat sink unit. The results of the test are shown in Figure 12 .
According to the curve, under the condition of continuous operation for 4.5 hours, the water temperature of the inlet rises from 28.54 • C to 57 • C, and the water temperature of the outlet rises from 28.54 • C to 59.1 • C, and according to the design index, the water-cooling heat dissipation unit is allowed to work for a long time at 70 • C, so the system heat dissipation capacity meets the requirements of the system.
B. THE LOAD CONTINUOUS CHANGE FOLLOW-UP TEST
The load continuous change function test is to manually and continuously change the load of aircraft body under the condition that the target load value is constant, and test the dynamic following capability of the electric load system under the condition that the generator load has low frequency variation. This experiment designed 5 different ways to verify the following ability. The target value was set to 118. The changes and test results are shown below.
1) The load value rises and falls by 2 kVA, as shown in the table below. The result of following is shown in Figure 13 .
2) The load value rises and falls by 2 kVA, as shown in the table below.
The result of following is shown in Figure 14 . 3) The load value rises and falls by 5 kVA, as shown in the table below.
The result of following is shown in Figure 15 . 4) The load value rises and falls randomly by 2∼7 kVA, as shown in the table below.
The result of following is shown in Figure 16 . 5) The load value sudden increases during normal change, as shown in the table below.
The result of following is shown in Figure 17 . According to the test results, it can be seen that the electric load system can automatically follow and adjust the generator load to 118 ± 3kVA under the condition of low frequency change of the generator load, and the duration exceeding 121kVA in the following process is not more than 1 second, so the results meet the requirements of the system. electric load system through software [15] . After the target value is set, the electric load system is automatically loaded, and this test can test the dynamic tracking capability of electrical load systems under the condition of high-frequency changes and complex changes of the generator load. This test intercepts two sections of the actual flight load spectrum for testing. The test results are as follows when the target value is set to 118kVA. 1) Aircraft actual load curve: Load curve after system followings: 1) Aircraft actual load curve: Load curve after system followings: According to the above test results, it can be seen that the electric load system does not follow the load of high frequency variation, and the average total load is maintained at 115 to 121 kVA. The low-frequency change and sudden load can quickly respond, and ensure that the total load is reduced to below 121 kVA within 1 second, then the average load is gradually adjusted to 115∼121 kVA. 
VI. CONCLUSION
This paper introduces a real-time aircraft electrical simulative load system designed by software and hardware. Firstly, the overall architecture of the system is introduced, and then the hardware units and software function modules in the system are further explained in detail. Finally, the core functional indicators of the system are tested and verified. According to the results, this design can better test the specified power point of the aircraft and meet the test flight forensics requirements.
